Residential electricity consumption in Malaysia is increasing rapidly and effective measures are urgently needed to contain its rapid growth to achieve better energy security. The current paper attempts to investigate the multivariate Granger causalities and dynamic responses of residential electricity consumption in Malaysia for the 1978-2013 period. In the long run, all the determinants of residential electricity consumption (real disposable income, price of electricity, price of electric appliances, population and foreign direct investment) Granger cause it but in the short run, only the price of electric appliances and population do so. The response of residential electricity consumption to shocks alternates between positive and negative but diminishes with time. In addition to own shocks, shocks to the price of electricity contribute most of the variance in residential electricity consumption. The study shows that pricing policies are effective in reducing residential electricity consumption. As fossil fuels are finite, careful planning of energy consumption is necessary to safeguard energy security.
Introduction
Energy, especially in the form of fossil fuels, is a vital input for economic development. This is evident in the ever increasing demand for energy in developed and developing countries. As the world energy consumption continues to increase significantly, there is growing concern regarding energy security. Such concern is reasonable because finite energy sources are being depleted with consumption. The rate of energy source depletion is made more apparent by the huge increase in energy consumption over the past few decades. As a result, several countries are currently proposing strong energy substitution policies and radical energy conservation measures (Bloch et al., 2015) . These policies are aimed at reducing energy consumption and consequently decreasing the depletion rate of fossil fuels. In the meantime, renewable and alternative energy sources are also being explored as substitutes for fossil fuels to achieve better energy security.
As a result of the depleting energy sources and the growing concern regarding energy security, researchers and academicians began to execute various studies in this area. Earlier studies focussed on bivariate models to examine the relationship between energy consumption and economic growth. However, bivariate models are heavily criticised as they are prone to suffer from the omitted variable bias problem (Alshehry and Belloumi, 2015; Glasure, 2002; Lean and Smyth, 2010) . This leads to the widespread use of multivariate models. Among the elements frequently considered are real disposable income, price of electricity and price of alternative fuels (e.g. gas, diesel). In recent years, foreign direct investment (FDI) has been included in studies on energy consumption.
Malaysia is one of the fortunate countries in the world endowed with oil reserves. Nevertheless, since fossil fuels are finite and not renewable, efficient management and utilisation of these energy sources are crucial. The Malaysian government is cognizant of the importance of using energy efficiently. Hence, the first National Energy Policy (1979) was introduced. Subsequently, many energy policies and strategies were implemented . However, electricity consumption in Malaysia has continued to increase rapidly (see Figure 1) . One possible reason for the rapid growth is these energy policies and strategies have not addressed all the factors affecting electricity consumption. Since inappropriate policies would affect economic growth adversely, one of the most urgent tasks for the authorities is to develop effective, long-term energy policies (Chandran et al., 2010; Fei et al., 2011) .
Clear evidence of the main factors that influence electricity consumption and the quantification of their impact are crucial in the contemplation of energy policy (Gam and Rejeb, 2012) . Although existing literature has discussed at length the relationship between electricity consumption and economic development, the studies have not provided consistent results. In addition, the role of complements (e.g. price of electric appliances) is still missing in the literature. Since electricity consumption is basically due to the operation of electric appliances, complements play an important role and should be included in the consumption function of electricity . The absence of this important variable is likely to explain the omitted variable bias problem, which causes the diverse results in the literature, despite having numerous studies on energy economics on Malaysia as well as other countries. Motivated by this argument, the goal of the current paper is to re-examine the residential electricity consumption (REC) function in Malaysia by including the price of electric appliances as a new variable to provide a more comprehensive analysis.
The rest of this paper is organised as follows. Section 2 presents a concise overview of the energy sector and policies in Malaysia. Section 3 provides the literature review. Section 4 explains the theoretical framework and model specification. Section 5 describes the data sources and methodologies. Section 6 reveals the empirical results and Section 7 discusses the conclusions and policy implications.
Overview of the energy sector and policies
Energy serves as a catalyst in promoting growth. Although energy consumption can be reduced via technology advancement, its consumption is still inevitable (Stern, 2011) . In Malaysia, electricity consumption has increased tremendously over the years to meet social and economic needs. Three major electricity-consuming sectors in Malaysia are industrial, commercial and residential. Among these sectors, the residential sector has recorded the highest annual growth rate of 8.77% (see Figure 1) . 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000  2001  2002  2003  2004  2005  2006  2007  2008  2009  2010  2011  2012 To contain the rapid growth of electricity consumption, the government has implemented various policies Oh et al., 2010) . For the residential sector, the government announced an electricity bill exemption up to RM20 (Tenaga Nasional Berhad, 2013a) . However, if the electricity bill exceeds RM20, no exemption is given and the bill has to be paid in full. This program is envisioned to encourage consumers to use electricity more cautiously. Averagely, more than one million households are exempted from paying electricity bill. Besides offering electricity bill exemption, the government also gave rebate to escalate the penetration of energy efficient appliances (Tenaga Nasional Berhad, 2013b) . Refrigerators and air conditioners were chosen as the targeted appliances because they are the electricity intensive appliances in most households (Saidur et al., 2007) . In addition to providing incentives, the government imposed a penalty on over-consumption to encourage prudent use of electricity. Beginning 1 April 2015, the 301st unit of electricity and above consumed by the residential consumers within a month are subjected to goods and services tax (GST) of 6.0%. The implementation of GST is aimed to impose higher costs of electricity to households as their electricity consumption increases to prevent over-consumption of electricity.
Literature review
The relationship between energy consumption and economic growth has been studied by many researchers using various methodologies for different time periods and geographic locations, especially since the pioneering work of Kraft and Kraft (1978) . As energy consumption is experiencing a transition towards electricity, the literature is also more interested in electricity compared to other forms of energy (Al-Faris, 2002; Amusa et al., 2009) . Most of the studies have considered total electricity consumption. Realising the different properties of each sector, sector-wise study on electricity consumption is gaining attention, especially the residential sector (Adom et al., 2012; Atanasiu and Bertoldi, 2010; Cebula, 2012; Tsoulfidis, 2008, 2011; Fell et al., 2014; Filippini and Pachauri, 2004; Halicioglu, 2007; Holtedahl and Joutz, 2004; Krishnamurthy and Kriström, 2015; Nakajima, 2010; Narayan et al., 2007; Ziramba, 2008) . This is due to a few reasons (Cebula, 2012; Tsoulfidis, 2008, 2011) . First, the residential sector is one of the major sectors in terms of electricity consumption. Second, electricity consumption in the residential sector records a steady growth rate and the consumption is expected to continue to increase. Third, the residential sector is more amenable to theorisation and quantification, and finally, the residential sector is an important sector in energy policy formulation.
Prior to advancements in the bounds testing approach, initially introduced by Pesaran et al. (2001) , the vector autoregressive (VAR) and vector error correction model (VECM) frameworks were widely used to investigate the relationship between energy consumption and macroeconomic variables. In the event of no co-integration relationship, the VAR was used (Chen et al., 2007; Masih and Masih, 1996) . In contrast, if there were a co-integration relationship, the VECM was employed (Athukorala and Wilson, 2010; Othman, 2011a, 2011b; Bekhet and Yusop, 2009; Ho and Siu, 2007; Ahmad, 2010, 2011; Narayan et al., 2007; Odhiambo, 2009) . Realising the restrictions of VAR and VECM, coupled with the advantages of the autoregressive distributed lags (ARDLs) framework, the ARDL is gaining popularity and is employed in many studies (Adom et al., 2012; Amusa et al., 2009; Bloch et al., 2015; Chandran et al., 2010; Dergiades and Tsoulfidis, 2011; Halicioglu, 2007; Hamdi et al., 2014; Tang and Tan, 2013) .
Each study begins with the development of a consumption function. Real disposable income, price of electricity, price of substitute energy, population, weather and urbanisation are among the favourite variables considered in the literature. Recent studies have suggested the inclusion of FDI (Bekhet and Othman, 2011b; Hamdi et al., 2014; Lau et al., 2014; Solarin and Shahbaz, 2015) . Among the aspects investigated in these studies were the multivariate Granger causalities and dynamic responses of electricity consumption. Understanding the direction of multivariate Granger causalities and the relative strength of causal relationships is important for policy makers in formulating appropriate policies for sustainable development. Unfortunately, the results in the literature were not consistent. For example, Hamdi et al. (2014) , Tang (2008) and Yoo (2005) found electricity consumption and real disposable income Granger cause each other but Alshehry and Belloumi (2015) and Morimoto and Hope (2004) found unidirectional Granger causality from electricity consumption to real disposable income. On the other hand, Boutabba (2014) and Jumbe (2004) found the reverse.
These diverse results in the literature arise due to various reasons. Among them are the different datasets considered, alternative econometric methodologies employed and different countries' characteristics (Asafu-Adjaye, 2000; Ozturk, 2010) . For example, the estimates of causal relationship using bivariate models are vulnerable to omitted variable bias problem. Hence, the current paper utilises a multivariate model to reduce the omitted variable bias problem so as to provide more reliable results.
Theoretical framework and model specification
The current paper is built on two main economic theories: production theory and demand theory. These theories serve as the basis for model building and support the model specification. The Cobb-Douglas production [equation (1)] gives quantity of output (Q) as a function of capital (K) and labour (L) at a particular technology (T).
where π 1 and π 2 are coefficients. Applying the Cobb-Douglas production function in the area of the current paper, the quantity of REC is specified as a function of the stock of the electric appliances (K) and population (Po) at a particular state of electric appliances technology (T). Hence, equation (1) can be re-written as in equation (2).
However, the state of electric appliance technology does not remain constant. Instead, it advances with the level of FDI . This is because FDI utilises advanced technologies and facilitates technological advancement and its diffusion. FDI also enables more active and rigorous research and development (R&D) activities to be executed for technological progress, whereby obsolete and dirty technologies are replaced with new and cleaner technologies (Lau et al., 2014) . Through these technology innovations, more energy-saving products can be produced (Tang and Tan, 2013) . Hence, technology is defined as in equation (3).
where a 1 is a constant. In the meantime, the stock of electric appliances (K) is the total electric appliances operating within the residential sector, consisting of new purchases and the replacement of old electric appliances (Ivy-Yap and Bekhet, 2015) . Since consumers cannot purchase an infinite quantity of electric appliances due to income constraints and prices, the stock of electric appliances (K) is determined by the price of electric appliances (Pa), real disposable income (Y) and price of electricity (Pe), as shown in equation (4).
where a 2 is a constant to capture the replacement rate of old electric appliances. Substituting equation (3) and equation (4) into equation (2) and rearranging it results in equation (5). The relationship described in equation (5) gives REC as a function of Y, Pe, Pa, Po and FDI.
where
Equation (5) is a nonlinear equation. To linearise it, logarithm (l) transformation is applied on both sides of the equation. Logarithm transformation also effectively linearises the exponential trend in time series data, which obscures the real relationship among the variables. Another advantage of logarithm transformation is that it allows the regression coefficients to be interpreted as elasticities. For these reasons, logarithm transformation is popular in econometrics (Asteriou and Hall, 2007) . The logarithm transformation of equation (5) is given in equation (6).
where α = lA and μ t is the error term with zero mean and constant variance, μ t ~ N(0, σ 2 ). Equation (6) also represents the long-run relationship between REC and its determinants.
Data sources and methodologies
Annual data are collected for the 1978-2013 period at a constant price (2005 = 100). Real gross domestic product (GDP) serves as a proxy for real disposable income (Amusa et al., 2009; Asafu-Adjaye, 2000; Athukorala and Wilson, 2010) . Price indexes are used as proxy for price of electricity (gross rent, fuel and power) and price of electric appliances (furniture, furnishings and household equipment and operation) (Bekhet and Othman, 2011a; Chandran et al., 2010) . The data on FDI, given as a percentage of GDP, are converted into real FDI by multiplying by real GDP. The data are collected from the Malaysia Energy Commission (REC), the World Development Indicators (real GDP and FDI), the Department of Statistics Malaysia (price indexes and population).
Related computational works in the current paper are executed using Eviews version 7.1 and Microfit version 4.1. First, all the data are checked in terms of the distribution characteristics and pair-wise inter-correlations. Second, the variables are tested for stationarity via the unit root test. The current paper employs three unit root tests, augmented Dickey-Fuller (Dickey and Fuller, 1979) , Phillips-Perron (Phillips and Perron, 1988) and Kwiatkowski, Phillips, Schmidt and Shin (Kwiatkowski et al., 1992) , to obtain more robust results. The unit root test can be executed in three situations (i.e. without both constant term and linear trend, with constant term but not linear trend or with both constant term and linear trend). Unless the data-generating process is known, there is no definite answer regarding which of the three situations to use (Asteriou and Hall, 2007) . However, Vogelvang (2005) argued that for most economic variables, a constant is necessary but an additional trend term is generally superfluous. Hence, the current paper includes only a constant term.
Although all the tests are aimed at testing the stationarity of each variable, the hypothesis statements and results interpretations for ADF and P-P differ from KPSS. The null hypothesis, H 0 for ADF and P-P, in the series contains the unit root while the alternative hypothesis, H 1 , in the series is stationary. Therefore, the series has to be differenced until H 0 is rejected. On the other hand, H0 for KPSS in the series is stationary and H 1 in the series is not stationary, which is the reverse of ADF and P-P (Boutabba, 2014) . Hence, in the case of KPSS, the series must be differenced until H 0 cannot be rejected. Since each unit root test may yield different results, the conclusion on the order of integration of each variable is drawn based on the majority of the three unit root test results.
Subsequently, the ARDL bounds testing approach is performed to ascertain the existence of co-integration relationship among the variables. This approach has many advantages (Bekhet and Matar, 2013; Farhani et al., 2014) . First, this method is applicable regardless of the integration order of the variables, i.e. I(0) and I(1). Second, the method is more efficient for study involving small samples (30 ≤ t ≤ 80). Third, the method allows the variables to have different optimal lags and, finally, the method is currently in trend. This approach involves the estimation of equation (7) 
where Δ is the first difference operator, αs are constants, βs are long-run parameters, δs are short-run parameters and μ t s are the error terms with zero mean and constant variance, μ t ~ N(0, σ 2 ). j, k, l, m, n and o are the optimal lag orders. The inclusion of one or two lags is usually sufficient for annual series data (Dergiades and Tsoulfidis, 2011) . However, to obtain more robust results, the current paper tests up to three lags and the optimal lag orders are selected based on the Akaike information criterion (AIC). This is because AIC is superior in small samples Lütkepohl, 2005) . The bounds F-test on lec t-1 , ly t-1 , lpe t-1 , lpa t-1 , lpo t-1 , lfdi t-1 is performed to determine if the variables are co-integrated. The null hypothesis of no long-run relationship among the variables, H 0 : β i1 = β i2 = β i3 = β i4 = β i5 = β i6 = 0, is tested against the alternative hypothesis of co-integration, H a :
The hypothesis statements for equation (7) through equation (12) are summarised in Table 1 . Table 1 Hypothesis statements for bounds F-test
β 11 = β 12 = β 13 = β 14 = β 15 = β 16 = 0 The computed F-statistic is compared with the critical values. Since the computed F-statistic has non-standard distribution, Pesaran et al. (2001) computed the upper and lower bound critical values for sample size exceeding 500. Nevertheless, Narayan (2005) argued that sample size does matter and computed a new set of critical values for small sample (30 to 80 observations). If the computed F-statistic is greater than the upper bound critical value, the null hypothesis of no co-integration relationship is rejected in favour of the alternative hypothesis that the variables are co-integrated. Contrary, the variables are not co-integrated if the computed F-statistic is less than the lower bound critical value. However, if the computed F-statistic is between both upper and lower bounds, no conclusion can be drawn. The presence of co-integration relationship among the variables implies that they can be modelled in an error correction model as in equation (13) 
where γs are the speeds of adjustment, p is the optimal lag orders determined by AIC, θs are the constant terms, φs are the short-run coefficients and μs are the error terms with zero mean and constant variance, μ t ~ N(0, σ 2 ). ECTt-1 is the lagged error correction term derived from the normalised co-integrating equation as in equation (14) (Shahbaz and Hooi, 2012; Tang and Tan, 2013 
The rate of convergence to the long-run disequilibrium is given by the speed of adjustment while the long-run multivariate Granger causality is exposed by the significance of the lagged error correction term via t-testing. If the lagged error correction term is significant, there is long-run multivariate Granger causality from the explanatory variable to the dependent variable. The short-run multivariate Granger causality is exposed in the significance of the first differenced lagged explanatory variables via Wald F-testing. If the F-statistic is significant, there is short-run Granger causality from the explanatory variable to the dependent variable. Nevertheless, the Granger causality approach has some limitations . This is because the VECM Granger causality test can only indicate the relative strength of causal relationships within the selected time period. This weakens the reliability of the results. To circumvent this limitation, the generalised impulse response function (GIRF) and generalised forecast error variance decomposition (GFEVD) methods are employed. These approaches use a VAR system and do not require a pre-specified causal ordering of the variables to orthogonalise the innovations (Pesaran and Shin, 1998) . Hence, they are more robust and insensitive to the ordering of variables. The GIRF shows the time profile of the effect of shocks while the GFEVD shows the proportional effect of the shocks.
Results analysis
The descriptive statistics of all the variables under investigation are summarised in Table 2 . Generally, there are no missing data or outliers. The standard deviations for all variables range from 0.179 to 1.018. All the variables are normally distributed except for lfdi. The correlation matrix shows that the variables are highly inter-correlated, which is not too surprising because most macroeconomic variables contains a unit root.
The results of unit root tests are presented in Table 3 . ADF and P-P confirmed that REC and real disposable income are integrated on the order of one but price of electricity is integrated on the order of zero. All three unit root tests show that the price of electric appliances is integrated on the order of one. As for population and FDI, neither ADF nor KPSS give a clear indication on the integration order because the ADF's null hypothesis of unit root could not be rejected at level and first difference while the KPSS's null hypothesis of stationary is rejected at level and first difference. However, the P-P's null hypothesis of unit root is rejected at level at a high significance level of 1%. This suggests that population and FDI are integrated on the order of zero. Hence, electricity consumption, real disposable income and price of electric appliances are taken as I(1) variables while price of electricity, population and FDI are taken as I(0) variables. These results are consistent with the findings of past studies whereby most of the macroeconomic variables were found to be not stationary at level but stationary after first differencing (Bekhet and Yasmin, 2013; Caraiani et al., 2015; Lau et al., 2014; Zamani and Branch, 2012) . Source: Output of Eviews package version 7.1 Table 3 Unit root tests on each variable Since there are I(0) and I(1) variables, ARDL bounds testing is performed to deduce the existence of the co-integration relationships among the variables and the results are tabulated in Table 4 . The calculated F-statistics for all models are larger than the 5% upper bound critical value, which indicates the existence of strong co-integrating relationships among the variables. Therefore, all the variables are concluded as co-integrated. The diagnostic tests (Jarque-Bera, autoregressive conditional heteroskedasticity, Breusch-Godfrey Lagrange multiplier (LM) test, Ramsey regression specification error test) are executed to ensure the models do not violate any regression assumptions, while the cumulative sum control chart (CUSUM) and CUSUM of squares tests are performed to check for model's parameters instability (not reported here to conserve space). The results of all the diagnostic tests show that none of the models are plagued with regression assumption violations and both of the CUSUM and CUSUM of squares curves do not exceed the 5% critical boundaries. Hence, one can conclude that all the models are correct and stable over the sample period . The variables are then modelled in an error correction model, whereby the short-run behaviours are tied to the long-run relationship via an error correction term (ECT) (Holtedahl and Joutz, 2004) . The coefficients of the lagged error correction term (ECT t-1 ) signify the rate of convergence to the long-run disequilibrium. Meanwhile, their significance exposes the direction of long-run multivariate Granger causalities. To determine the directions of short-run multivariate Granger causalities, Wald F-tests on the first differenced lagged explanatory variables are performed . Table 5 shows the results of the long-run and short-run multivariate Granger causalities.
The speed of adjustment in the model for REC is -0.446. This shows that about half (44.6%) of the long-run disequilibrium is corrected in the short run of REC. Note also the high speed of adjustment (-0.218) in the model for price of electric appliances. The results show that the price of electric appliances responded substantially to the long-run disequilibrium in REC. This further supports the importance of the price of electric appliances in examining REC. Furthermore, the lagged error correction term is significant in the model for REC, price of electricity and price of electric appliances. This shows that bidirectional multivariate Granger causality exists between REC and both prices in the long run. Meanwhile, the error correction term in the model for real disposable income, population and FDI is insignificant. Hence, unidirectional multivariate Granger causality flows from these variables to REC in the long run. In the model for REC, only the first differenced lagged price of electric appliances and population are significant, which show that price of electric appliances and population Granger cause REC in the short-run. Similarly, the first differenced lagged REC is significant in the model for price of electricity, which shows that REC Granger causes the price of electricity in the short-run. Hence, in the short run, unidirectional multivariate Granger causality flows from price of electric appliances and population to REC. Unidirectional multivariate Granger causality also flows from REC to price of electricity. There is no multivariate Granger causality between REC and real disposable income or FDI in the short run. The results on the long-and short-run multivariate Granger causalities are illustrated in Figure 2 . represents long-run and represents short-run
The multivariate Granger causality results show that the price of electric appliances and population Granger cause REC in the long and short run. Hence, policies that control the price of electric appliances will affect REC. The absence of multivariate Granger causality from REC to real disposable income in the long and short run indicates that policies that reduce REC do not affect real disposable income adversely. Therefore, policies that reduce REC should be implemented.
The VECM Granger causality only shows the causality directions among the variables. To capture the causal relationships beyond the selected time period, the GIRF and GFEVD are performed. The impulse response function shows the reaction in one variable to shocks stemming from other variables. Figure 3 shows the response of REC to innovation for each variable in the model. Response of DLEC to DLFDI Source: Output of Eviews package version 7.1 Figure 3 shows that the response of REC to shocks to all variables alternate between positive and negative. However, the effects of the shocks diminish with time. This shows that REC stabilises after some time regardless of which variable is shocked. In contrast to the impulse response function, the variance decomposition approach indicates the magnitude of the predicted error variance accounted for by innovations from each variable. Table 6 shows the results on GFEVD for REC over different time horizons.
The results indicate that in the first horizon, 61.37% of variance in REC is due to its own innovative shocks. Akpan and Akpan (2012) , Alshehry and Belloumi (2015) and Bloch et al. (2015) also found that most of the variance in energy consumption is due to own shocks. A one standard deviation shock in real disposable income explains 4.12% of the REC variance. Price of electricity, price of electric appliances, population and FDI explain 41.61%, 2.56%, 0.33% and 1.63% of the variance in REC, respectively. Among all the determinants of REC, shocks on price of electricity explain most of the variance in REC. At the tenth time horizon, the results are still comparable to the results in the first time horizon. Own shocks still explain most of the variance in REC and price of electricity remains the determinant that explains most of the variance in REC.
Conclusions and policy implications
Contrary to existing studies, the current paper includes the price of electric appliances in the consumption function of residential electricity. Focussing on the residential sector enables the special characteristics of this sector to prevail. The results show that all the variables are co-integrated, proving the existence of a genuine relationship among them in the long run. Nearly half of the disequilibrium of REC in the long run is corrected in the short run. The price of electric appliances Granger causes REC in the long and short run but the price of electricity only Granger causes REC in the long run. Throughout all time horizons, the response of REC to shocks to all variables alternates between positive and negative and diminishes with time. The variance in REC is mostly due to its own shocks. In addition to own shocks, shocks to the price of electricity contribute most of the variance in REC.
Since the price of electricity Granger causes REC and a one standard deviation shock in the former causes almost one third of the variance in the latter, pricing policies is effective in controlling and reducing REC. Under the electricity bill exemption programme introduced by the government, the consumer will not enjoy any bill exemption if the consumption exceeds RM20 a month. The impact of this policy is a substantial increase in the relative price of electricity (i.e. from zero to full electricity bill) if the consumer does not use electricity efficiently and exceeds RM20. This is similar to a huge price increase whenever the electricity consumption surpasses the threshold limit. Since a small increase in the price of electricity is sufficient to cause REC to decrease, this policy serves as a strong deterrent to over-consumption. However, this policy only affects 15% of the total households due to the rather low limit of RM20. In order to increase the effect of this policy, it is suggested that the mechanism of this policy is replaced with a diminishing exemption mechanism. This means that full exemption can be given if the electricity bill is RM20 or below but partial exemption should also be given to higher consumption levels i.e. the percentage of exemption reduces as the consumption level increases so that households in all consumption levels are motivated to reduce their electricity consumption to enjoy a higher exemption percentage.
